Objective To estimate the medicine-taking compliance (MTC) level, explore its facilitators and barriers, and quantify the association between MTC level and pre-exposure prophylaxis (PrEP) protective efficacy in individuals at risk of acquiring HIV being administered oral PrEP. Design Meta-analysis. Data sources We searched PubMed, Cochrane and Embase databases for published randomized controlled trials (RCTs) pertaining to MTC of oral PrEP for HIV prevention up to 16 January 2017. review methods The pooled proportion of MTC and risk ratio (RR) of HIV incidences between intervention group and control group were estimated. results We identified 10 eligible studies with 24 193 participants. The overall pooled MTC for oral HIV PrEP was 59.9% (95% CI 43.1% to 74.6%). Subgroup analyses revealed that the MTC level of participants aged <30 years was lower than those equal or older than 30 years (34.9% vs 69.6%, p<0.001); those studies that enrolled only women as participants had lower MTC than those only recruiting either only men or both men and women (31.3% vs 71.7% and 31.3% vs 71.0%, all p<0.01). Additionally, the HIV infection risk increased as the MTC level declines, with the incidence RRs being 0.28 (95% CI 0.19 to 0.41), 0.42 (95% CI 0.29 to 0.62) and 0.75 (95% CI 0.45 to 1.25) in the good (≥80%), moderate (60%~80%) and poor (<60%) MTC subgroups, respectively (linear trend test p<0.01). conclusion According to the pooled proportion, the MTC of oral HIV PrEP is almost moderate, and its proportion in women and younger participants was relatively low. The protective efficacy of oral PrEP for HIV prevention increased with MTC level. These findings indicated that it is necessary to identify measures to enhance MTC of oral PrEP in future clinical usage, especially in women and younger participants with high HIV infection risk.
IntrODuctIOn
Preventing the spread of HIV remains a worldwide major public health challenge. 1 As the safety and efficacy of antiretroviral drugs have increased, antiretroviral pre-exposure prophylaxis (PrEP) for individuals at high risk of HIV infection is considered a hopeful new HIV prevention strategy. In recent years, the Centers for Disease Control and Prevention (CDC) in the USA has recommended daily oral PrEP to reduce the HIV infection risk of high-risk populations, 2 such as men who have sex with men (MSM), certain heterosexual groups and people who inject drugs (PWID). However, the efficacy of daily oral PrEP at reducing the risk of HIV infection has varied in these studies. For example, a clinical trial performed in African women using Truvada (a combination of emtricitabine (FTC) 200 mg and tenofovir disoproxil fumarate (TDF) 300 mg) did not reveal any significant efficacy of HIV prevention; it was speculated that inconsistent medicine-taking compliance (MTC) might be the reason for the failure. 3 4 Good MTC is crucial for the success of PrEP in HIV prevention; in fact it has been claimed to be the main determinant of PrEP efficacy. 5 Nonetheless, it remains unclear which factors influence MTC in individuals receiving PrEP for HIV prevention. Additionally, the quantified relationship betweenPrEP MTC and its protective efficacy has not been systematically evaluated.
Self-reported MTC might not be reliable and may suffer from the so-called social desirability bias. 6 Instead, drug concentrations measured either from serum 4 and dried blood spots 7 have emerged as an objective way of measuring MTC in PrEP studies. Thus, the purpose of our meta-analysis was threefold: (1) to determine the level of MTC in PrEP based on assayed blood drug levels, (2) to explore facilitators and barriers to MTC and (3) to clarify the association between PrEP efficacy and MTC.
MethODs study selection
This meta-analysis was conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines. 8 The PubMed, Cochrane and Embase databases were searched through 16 January 2017 to identify relevant articles. The free text and medical subject headings (MeSH) terms pertaining to MTC of oral PrEP were used to search potentially relevant literatures. Studies that met the following criteria were included in our meta-analysis: (1) randomised controlled trial (RCT) of oral PrEP efficacy study on HIV; and (2) reported quantitative data of oral PrEP MTC containing TDF/FTC to prevent HIV infection. MTC levels were defined as the percentage of HIV-negative participants receiving PrEP with detectable levels of study medication in their blood sampled. Duplicate reports, qualitative studies and studies that did not report plasma drug concentration measurement were excluded from this meta-analysis. All included studies were written in English or Chinese and contained the relevant data for the integration of oral PrEP MTC proportion and PrEP protective efficacy.
Data extraction
All studies describing MTC of oral PrEP were targeted. Citation titles and/or abstracts were screened, and relevant original studies were read in full. Data of included studies were extracted by two reviewers independently (KY and JML). The following information was extracted: first author, publication date, study location, sample size, number of individuals in whom data about MTC were available, sample size and incidence data of HIV infection. Data extraction disagreements between the two reviewers were reconciled by group discussion.
Quality assessment
The methodological quality of the individual randomised clinical trial was assessed using the Jadad scale, 9 consisting of three parameters of quality including randomisation, blinding and withdrawals. Studies scoring 1 or 2 points are considered low quality, whereas those scoring 3-5 points are assessed as high quality.
statistical analysis
If heterogeneity test was significant, random effect model was used, otherwise fixed effect model was used. 10 Statistical heterogeneity was quantified with the I 2 statistic (low <25%, moderate=25%-50%, high >50%). 11 In order to clarify the source of heterogeneity, subgroup analysis and meta regression were conducted according to the following factors: age (<30 years vs ≥30 years), study drug (TDF vs TDF/FTC), transmission mode (needles/syringe, rectal, vaginal and vaginal/penile), sample size (<1500 vs ≥1500), follow-up months (≤24 vs ≤36 vs >36), medication intensity (daily vs intermittent), biological sex (women, men or both genders), clinical trial type (non-openlabel RCT vs open-label RCT) and Jadad scale score (<5 points vs 5 points). To confirm that our findings were not biased by any single study, we compared the overall pooled proportion with estimates obtained after iterations by applying a leave-one-out sensitivity analysis. In addition, potential publication bias was examined using Egger's and Begger's tests. When we integrated the protective efficacy in the different MTC subgroups, we divided MTC levels into three groups reflecting good (≥80%), moderate (60%~80%) or poor (<60%) MTC according to the break point of the relationship curve using local weighted regression (loess) method.
results

Description of eligible studies
A total of 1594 articles were selected and screened according to the inclusion and exclusion criteria (online supplementary figure 1 ). Descriptive summary of the final 10 studies with 13 independent PrEP efficacy estimates, which used either TDF or the combination of TDF-FTC as the intervention drug for HIV prevention, is shown in table 1. The sample size in these studies ranged from 400 to 4969, publication year was from 2007 to 2016, and the follow-up months ranged from 12 to 84; the study populations included IDU, serodiscordant couples, MSM and transgender women, high-risk women and/or heterosexual men living in a high HIV epidemic region; PrEP medication intensity included either a daily regimen or an intermittent regimen. 
review Pooled proportion of oral PreP Mtc and subgroup analysis
There was substantial heterogeneity between studies (I 2 =97.2% (Q=318.35, p<0.001)) and therefore random effects model was used. The integrated findings from these included studies indicated that the estimated proportion of oral PrEP MTC was 59.9% (95% CI 43.1% to 74.6%) (online supplementary figure  2 ). The source of the heterogeneity was explored in subgroup analyses; the results revealed that the MTC of studies with participants aged <30 years was lower than the corresponding value in individuals older than 30 years (34.9% (95% CI 27.6% to 43.1%) vs 69.6% (95% CI 56.1% to 80.4%), p<0.001)); studies including only women as participants had lower MTC than those that recruited either only men or both men and women as participants (31.3% (95% CI 27.0% to 36.0%) vs 71.7% (95% CI 31.2% to 93.4%) and 71.0% (95% CI 58.7% to 80.9%), all p<0.001). Identical results were also found from the perspective of high-risk populations and transmission routes. For example, the results showed that the MTC of sexually active heterosexual adults living in a high HIV prevalence country was the highest (79.7% (95% CI 68.6% to87.6%)), followed by MSM/transgender (71.7% (95% CI 31.2% to 93.4%)), serodiscordant couples (69.2% (95% CI 49.2% to 83.8%)) and IDU (67.4% (95% CI 59.2%, 74.7%)). MTC levels in studies where HIV would be transmitted through vaginal/penile, rectal and IDU were higher than those where transmission was via a vaginal transmission mode (71.9% (95% CI 56.6% to 83.3%), 71.7% (95% CI 31.2% to 93.4%) and 67.4% (95% CI 59.2% to 74.7%) vs 31.3% (95% CI 27.0% to 36.0%)) (table 2) .
sensitivity analysis and publication bias
In the sensitivity analysis, the MTC proportion varied from 56% to 63%, which were all within the CI of the pooled estimate, and thus indicated that no individual study exerted undue influence on the overall outcome. The assessment of funnel plot asymmetry revealed that no potential publication bias was found among the included studies (Egger's test: t=−1.4578, p=0.183; Begger's test: z=0.4472, p=0.6547).
Association between Mtc and PreP efficacy for preventing hIV infection
A total of 41 930 person years (PYs) were followed, with 726 HIV infections being identified from 10 studies. Of these, 299 HIV infections were found in the intervention group (incidence, 1.27 (95% CI 0.68 to 2.36) per 100 PYs) and 427 in the control group (incidence, 3.08 (95% CI 2.15 to 4.40) per 100 PYs). The pooled incidence risk ratio (RR) of oral PrEP for HIV infection was 0.45 (95% CI 0.31 to 0.67) (online supplementary figure 3) . The integrated results found that there was a positive correlation between MTC and PrEP protective efficacy ( figure 1 
DIscussIOn
As far as we are aware, this is the first study to evaluate the integrated MTC proportion of oral PrEP for HIV prevention. We found that the pooled MTC proportion was 59.9% (95% CI 43.1% to 74.6%) in individuals at high risk of acquiring HIV, which can be considered as moderate. The MTC level found here was lower than that revealed by self-administered questionnaires (59.9% vs 72%), 12 highlighting the risk that results obtained by self-reporting may suffer from asocial desirability bias. 6 At present, animal experiments 13 and several population clinical trials [14] [15] [16] have indicated that PrEP is a promising way to prevent HIV infection; however, poor MTC might limit its effectiveness. Thus, it would be important to identify ways of enhancing MTC to help maximise the benefits of PrEP in the real-world setting. Furthermore, our findings were based on trial level MTC obtained through assayed levels of study medication in blood samples, which is a more objective approach than other forms of MTC estimation, that is, self-reported MTC from questionnaires or counting the number and percentage of pills taken by participants. 17 In the subgroup analyses, we found that the pooled MTC was lower in participants aged <30 years compared with the corresponding value in older participants. Similar results were also reported in Haberer et al's study of HIV-serodiscordant couples 18 and Grant et al's study of MSM. 15 Young subjects in specific high-risk populations, such as MSM, are known to have a higher HIV infection risk than their older counterparts. 19 Our results emphasise that more attention should be paid to the young subpopulation at risk of HIV infection; in these individuals, MTC education is especially important for the success of PrEP in order to maximise the drug efficacy.
Good MTC of PrEP requires not only adequate management of the participants themselves, but should also take into account social and environmental factors, especially for women. 7 20 21 Our finding that women participants had a lower level of MTC than that of IDU, sexually active heterosexual adults, MSM and transgender individuals, as well as serodiscordant couples, echoes the *Because one study might have different study drug type (eg, TDF and/or TDF/FTC), there were 13 independent PrEP efficacy estimates and 11 estimates for both MTC and protective efficacy in the 10 included studies.
MTC, medicine-taking compliance; PrEP, pre-exposure prophylaxis; PYs, person years; RR, risk ratio; FTC, emtricitabine; TDF, tenofovir disoproxil fumarate. review outcomes of Celum et al's study. 22 The preexposure prophylaxis trial for HIV prevention among African women (FEM-PrEP) trial reported that there are some culturally specific barriers, such as stigma about sexual activity which may explain the low PrEP MTC in women, 23 and furthermore, in some countries, women may have only limited access to reproductive health services. 22 These findings highlight that MTC may be improved by initiating support programmes for women to eliminate these barriers and that these should be integrated into PrEP programmes to increase their likelihood of oral PrEP drug usage. Furthermore, before embarking on formal PrEP, it is necessary to provide female subjects with more education and guidance about the importance of MTC for the success of PrEP.
In addition, our results from the medication intensity subgroup analysis indicated that the intermittent regimen group had better MTC than daily medication group (85.8% vs 56.1%), although there was only a marginal significant difference between the two groups, which might be caused by the small sample size with low statistical power (only one intermittent dosage study included in our analysis). The daily oral PrEP strategy as recommended by the CDC in the USA 2 has proved to be a major challenge in reallife clinical practice because of the MTC and of the potential adverse effects of the therapy on liver and kidney functions, 24 25 as well as in reducing bone mineral density. 26 Recently, an intermittent PrEP medication strategy (ie, taking the medication before and after sexual intercourse) has been advocated as one way to improve the protective efficacy by elevating the MTC since the individual has to consume less medication while still enjoying a good (86%) protective effect. 12 These findings indicate that intermittent PrEP regimen strategy should be evaluated in future trials to confirm its efficiency in comparison to the daily regimen. For example, in an HIV high-risk population who were willing to initiate PrEP but have low likelihood of achieving a daily PrEP strategy, the more convenient intermittent regimen strategy might be recommended in clinical practice.
By integrating the published RCT studies, we also found that there was a significant positive association between MTC and protective efficacy for oral PrEP. A similar finding has also been reported in other PrEP studies. 15 23 27-30 For example, Grant et al 15 stated that HIV incidence was reduced by 73% with high MTC (≥90% of doses), but only by 50% with intermediate MTC (≥50% of doses) and by even less, 32% with low MTC (<50% of doses), which is very close to our results. The clarified relationship between MTC and PrEP efficacy should be taken into account in the development of PrEP medication strategies as it would help to optimise the medical resource allocation so as to promote the benefits of oral PrEP. Although we have estimated the pooled MTC proportion of oral PrEP, which is very important for PrEP usage in the real world, there were two limitations in our study. First, our pooled results only evaluated oral PrEP studies, but did not include other PrEP dosing routes, such as intramuscular injection, intravenous infusion and so on. Second, most of the included studies were performed in high HIV infection risk population living in Africa, with only one from Asia which could not represent the PrEP MTC in other continents.
In summary, our findings indicate that the MTC of oral PrEP for HIV prevention was almost moderate, although younger and female subjects had a lower level of MTC. There is a positive correlation between MTC level and PrEP protective efficacy. These participants in PrEP trials should receive encouragement, training and guidance of the importance of MTC before project initiating, which is particularly crucial in female and in younger subjects.
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